Membrane separation is known as an efficient technique for oily wastewater treatment. In the present study, cellulose acetate (CA) was introduced into the polyetherimide (PEI) solution in order to enhance hydrophilicity and the membrane structure for oil-water separation. The hollow fiber membranes were prepared via a phase-inversion process. The membranes were characterized by N2 permeation test, water contact angle, pure water flux and field emission scanning electron microscopy (FESEM). The blend PEI-CA membrane presented larger finger-likes morphology with a thicker outer skin layer. From N2 permeation test, the blend membrane showed effective surface porosity of 697 m -1 and mean pore size of 4.5 nm. The higher water flux and lower resistance of the blend PEI-CA membrane were related to the higher hydrophilicity and the open structure. Due to small pore sizes and enhanced hydrophilicity, the blend membrane showed a stable oil rejection of over 98% and water flux of 18 L/m 2 h after 100 min of the separation operation. The developed PEI-CA membrane can potentially be applied in petrochemical and refinery industries for oily wastewater treatment.
INTRODUCTION
A competent separation technology is required in order to reduce environmental impacts caused by oily wastewater produced in oil and gas, petrochemical, metallurgical, pharmaceutical and food industries. Membrane separation technology provides properties such as energy efficiency, easy processing and low operation and maintenance cost, which has been developed as a proficient system for oily wastewater treatment [1] [2] [3] [4] [5] [6] . Polymeric membranes have been widely designed and developed for wastewater treatment due to their well establishment and excellent long term stability [7] .
Trade-off relationship between permeability and selectivity is one of the major issues in the use of polymeric membranes in wastewater treatment. Moreover, fouling and scaling can lead to a sufficient flux reduction and hinders long-term operation of the membranes in a practical wastewater treatment system. Therefore, it is required to improve the membrane structure and properties via different strategies of modification.
Surface hydrophilization is one of the remarkable approaches for membrane antifouling during oily wastewater treatment. It is worth mentioning that by using highly hydrophilic membranes, a decrease in the deposition of oil on the membrane surface can result in reduction of membrane fouling and enhancement of water flux [8] [9] [10] . Blending with hydrophilic polymers is a simple modification method to enhance surface hydrophilicity, which is an economic single step membrane formation process. Cellulose acetate (CA) with good hydrophilicity can be an alternative to prepare blend polymeric membranes with improved performance. Indeed, CA and its derivatives are suitable materials for fabrication of membranes for water and wastewater treatment thanks to the properties such as good biocompatibility, high hydrophilicity, suitable resistance to chlorine, nontoxic nature and low cost [11, 12] .
El-Gendi et al. [13] fabricated blend polyvinylchloride/cellulose acetate (PVC/CA) membranes, using a wet phase inversion technique, for seawater reverse osmosis (SWRO) process. Using 3% CA and 16% PVC in the polymer solution resulted in the membrane with high mechanical strength and good desalination performance.
The developed membrane showed sufficient rejection of 98-99% under different feed concentrations. The removal of heavy metal ions and humic acid by CA and poly (methyl vinyl ether-alt-maleic acid) (PMVEMA) blend membranes were investigated by Lavanya et al. [14] . The blend membranes were very effective in removing heavy metal ions and humic acid simultaneously. It was suggested that the PMVEMA modified CA membranes can be a promising alternative in enhancing the hydrophilicity, permeability and antifouling properties. In another study, CA was blended with polyethersulfone (PES) to enhance hydrophilicity and antifouling property by using N,N-dimethylacetamide (DMAc) as the polymers solvent [15] . The addition of CA in the solution, resulted in the formation of larger finger-like macrovoids and higher surface porosity, which resulted in higher pure water flux and better antifouling performance compared to the plain membrane. From TGA analysis, it was found that the blend CA-PES membrane possess good thermal stability below 270 • C. CA and cellulose acetate phthalate (CAP) were used as additives in the polymer solution to prepare polyphenylsulfone (PPSU) hollow fiber membranes for arsenic removal from water [16] . It was found that the hollow fiber membrane prepared by addition of 5 wt% of CAP in PPSU, has higher removal efficiency compared to the membrane prepared by 5 wt% of CA in PPSU. The removal efficiency of arsenic was 34% and 41% for the membranes prepared by CA and CAP, respectively. In addition, the blend membrane permeability was 44.42 L/m 2 h and 40.11 L/m 2 h for the membranes prepared by CA and CAP, respectively.
Epoxidated polyethersulfone (EPES) incorporated CA ultrafiltration membranes were prepared by a phase separation process [17] . Addition of EPES in the solution, resulted in the formation of thin surface layer and spongy sub-layer for the blend CA/EPES membrane. The blend membrane presented improved separation efficiency for commercially important proteins such as bovine serum albumin, egg albumin, pepsin and trypsin, compared to the CA membrane. Rahimpour and Madaeni [18] prepared PES/CAP blend ultrafiltration membranes for milk concentration. The pure water flux and milk water permeation of the prepared membranes were increased by addition of 20 % CAP in the casting solution. However, further addition of CAP sharply decreased the membrane performance.
Since pure CA hollow fiber membranes possess several drawbacks such as lack of chemical, biological and mechanical stability, as they are Blend PEI-CA Hollow Fiber Membrane for Oily Wastewater Treatment 39 very brittle in nature, blending CA with different polymers can be a promising alternative to enhance the properties of the membrane for oily wastewater treatment. In the present study, blend ultrafiltration polyetherimide (PEI)-CA hollow fiber membranes were prepared via a phase separation process. The prepared membranes were characterized by the experiments such as N2 permeation, water contact angle, field emission scanning electron microscopy (FESEM), and pure water flux. Treatment of a simulated oily wastewater was conducted through an ultrafiltration system.
METHODS

Materials
PEI (Ultem ® 1000) pellets were supplied from General Electric Company and used as the base polymer. Cellulose acetate (38.9 wt% cellulose content) with number average molecular weight of 30,000, was used as the blending polymer, provided by Sigma-Aldrich.
1-methyl-2pyrrolidone (NMP, >99.5%) was supplied by MERCK and used as the polymer solvent without further purification. Glycerol (≥99.5%, Sigma-Aldrich) was used as the pore forming additive in the polymer solution. Ethanol was purchased from Sigma-Aldrich and used for post-treating of the hollow fiber membranes. Kerosene (97% purity, Fluka) was used to prepare simulated oily wastewater for the ultrafiltration experiment.
Preparation of Porous Hollow Fiber Membranes
In order to prepare the solutions for hollow fiber membrane fabrication, the polymers were dried in a vacuum oven at 60 °C overnight. The plain spinning solution of 14 wt.% solid PEI and 3 wt.% glycerol balanced with NMP was prepared under stirring at 60 ºC until a homogeneous solution was achieved. The modified solution was prepared by CA, which contains 20 wt.% of the solid polymer in the solution. Before spinning hollow fiber membranes, the resulting solutions were degassed under 15 min sonication and then kept 24 h at room temperature. The spinning process for hollow fiber membrane fabrication was explained elsewhere [19] . Table 1 lists the detailed spinning parameters. The resulting hollow fiber membranes were thoroughly immersed in distilled water for 3 days to remove the residual solvent and glycerol. Before drying the hollow fibers at room temperature, post treatment was performed by 15 min immersion of the fibers in pure ethanol to minimize shrinkage and pores collapse. 
Characterization of Hollow Fiber Membranes
Morphology of the prepared membranes was examined by field emission scanning electron microscopy (FESEM) (Hitachi S-4700). The FESEM images of cross-sectional, internal and external surfaces of the hollow fibers were taken at different magnifications.
N2 permeation test was used to examine the mean pore size and effective surface porosity over pore length of the prepared membranes. Generally, overall gas permeation rate through a porous membrane can be in agreement with combination of Poiseuille and Knudsen flows [20] . Therefore, in view of cylindrical pores in the outer skin layer of the porous membranes, the gas permeance can be calculated as below equation:
where JA is the gas permeance (mol/m 2 s Pa); rp and Lp are pore radius and effective pore length, respectively (m); ε is surface porosity; R is universal gas constant 8.314 (J/mol K); μ is gas viscosity (kg/m s); M is gas molecular weight (Kg/mol); T is gas temperature (K); and ̅ is mean pressure (Pa). Based on Eq.(1), by plotting JA versus mean pressure, the intercept (K0) and slope (P0) of the permeance line can be measured to estimate mean pore size and effective surface porosity over pore length (ε/LP), as following Eqs.:
For measurement of outer surface water and oil contact angle, the membrane samples were dried in a drier at 60 º C for 12 h. The sessile drop technique using a goniometer (model G1, Krüss GmbH, Hamburg, Germany) was applied to measure contact angle of the hollow fibers. For each membrane sample, the average value of contact angle was reported for ten various positions of the sample.
In order to evaluate the hydraulic resistance and permeate flux of the membranes, pure water flux experiment was conducted. In this experiment, the sell side of the membrane module was pressurized up to 600 kPa. Water flux (Jw) at each pressure was calculated according to the following equation:
where Jw is water flux (L/m 2 h); V is the volume of permeate collected (L); Δt is the sampling time (h); and A is the outer surface area of the membrane (m 2 ). Pure water flux of the membrane vs. trans-membrane pressure (TMP) was plotted to calculate the membrane hydraulic resistance (Rm). The hydraulic resistance can be calculated by obtaining the slope of Jw vs. TMP line, as shown below [2]:
In order to conduct oil-water separation, simulated oily wastewater was prepared by adding 500 mg of kerosene into 1000 ml of distilled water under constant stirring of 5000 rpm. The resulting stable emulsion had oil droplets in the range of 0.5-1 μm that was estimated using optical microscope (BHS-323, OLYMPUS Co., Ltd., Tokyo, Japan). After preparing the membrane modules with characteristics given in Table 2 , a cross-flow experimental set-up was used for oil-water separation, as shown in Figure 1 . The TMP was adjusted by the by-pass valve of the pump. The flow rate in the shell side of the membrane module was fixed at 200 ml/min by a control valve, manually. The volume of permeate collected was Blend PEI-CA Hollow Fiber Membrane for Oily Wastewater Treatment 41 used to measure the permeate flux. The applied pressure in the sell side of the module was fixed at 400 kPa. Oil concentrations in the feed and permeate were measured by a TOC (total organic carbon) analyzer (GE Analytical Instrument 500RL). The oil rejection of the membranes was calculated according to the below equation:
where R is the oil rejection, Cp and Cf (mg/l) are oil concentration in the permeate and feed, respectively. After oil separation test, the hollow fiber membranes were carefully taken out of the module and immersed in ethanol for 15 min before drying at room temperature. Then the used membranes were characterized in terms of N2 permeance at 100 kPa, pure water flux at 400 kPa and outer surface water contact angle. Figure 2 . The prepared membranes showed an average outer and inner diameters of 650 and 300 μm, respectively. It can be said that the final membrane structure prepared by a phase-inversion process is controlled by thermodynamic and kinetic effects of the polymer solution [21, 22] . Thermodynamic instability of the solution can be achieved by addition of non-solvent additive which can enhance liquid-liquid phase separation. This results in a membrane with large finger-likes structure. In contrast, kinetic effect due to increase of the solution viscosity by additive can reduce mutual diffusion of solvent/water during phase-inversion process which results in sponge-like structure. For plain PEI membrane, by addition of 3% glycerol in the solution, it seems that the kinetic effect was overtaken by thermodynamic effect and a finger-like structure was produced, as shown in Figure 2 (A1). At FESEM magnification of 50 K, the outer skin of the plain membrane showed a good surface porosity which can be related to the narrow fingerlikes extended to the outer surface. An aqueous solution of 70% NMP was applied as the bore fluid in order to remove inner surface and minimize the membrane resistance. In fact, in this case, the delay solidification results in an inner skinless layer with microporous structure. For the blend PEI-CA membrane, a structure with larger finger-like cavities and a thick outer skin layer was formed as shown in Figure 2(B1) . In fact, CA worked as a non-solvent in the solution and reduced thermodynamic stability of the solution. This effect resulted in a fast phase-inversion and generation of larger finger-likes. In addition, because of higher hydrophilicity and affinity of CA to water, fast solidification from outer surface resulted in formation of a thicker outer skin layer. As for inner surface morphology of the blend membrane, an inner surface with open structure was formed, similar to the plain membrane.
Properties of Hollow Fiber Membranes
In this study, N2 permeation test was used to estimate mean pore size and effective surface porosity of the membranes. N2 permeance of the membranes as a function of mean pressure is shown in Figure 3 .
By increasing the mean pressure, a minimum variation was observed in N2 6 the blend membrane, an inner surface with open structure was formed, similar to the plain membrane. surface porosity of the membranes. N2 permeance of the membranes as a function of mean pressure is shown in Figure 3 . open structure was formed, similar to the plain membrane.
permeance of the membranes as a function of mean pressure is shown in Figure 3 . permeance of the blend membrane. This phenomenon indicates that the Knudsen flow controls gas transport through the surface pores of the blend membrane which confirms small nanoscale pore sizes. This result is in agreement with the FESEM images, as the prepared blend membrane with a thick outer skin layer could reduce the permeability and surface porosity. The plain membrane exhibited a considerably higher N2 permeance which can be attributed to the membrane morphology with thin skin layer. The larger slope of N2 permeance line for the plain membrane can confirm larger pore sizes on the outer surface compared to the blend membrane. By measuring the intercept and slope of the N2 permeance lines plotted in Figure 3 , the mean pore size and the effective surface porosity over pore length was calculated according to Eqs. (2 and 3) . The results of mean pore size and surface porosity are shown in Table 3 . The blend membrane possesses mean pore size of 4.5 nm and a good surface porosity of 697 m -1 . Hydrophilicity of the PEI and PEI-CA membranes was estimated by measuring outer surface water contact angle. As shown in Table 3 , by addition of CA in the PEI solution, the prepared blend membrane presented a relatively lower contact angle value of 72°. About 10º decrease in the contact angle of the blend membrane can be related to the hydrophilic nature of CA [15] . Indeed, an improvement in the membrane hydrophilicity can result in enhancement of the water flux. In addition, the oil contact angle of the membranes was measured and shown in Table 3 . The oil contact angle is relatively higher than water contact angle which confirms hydrophilicity of the membranes. In general, a hydrophilic surface has a low affinity with the organic liquids. The blend PEI-CA membrane showed 104º oil contact angle which means it has a good potential for oil repellent during the oily wastewater treatment.
Water flux of the PEI and blend PEI-CA membranes as a function of TMP are shown in Figure 4 . By measuring the slope of the water flux lines, hydraulic resistance of the membranes was calculated and the results are given in Table 3 . By increasing TMP, a significant increase in the water flux was observed for the blend membrane, as shown in Figure 4 . This can be related to enhanced hydrophilicity and the open finger-like structure of the blend membrane compared to the plain PEI membrane. It seems that the effect of surface porosity (N2 permeability) was over taken by the effect of hydrophilicity. In addition, due to the larger surface pores of the plain membrane, pore collapsing at higher TMP is possible which may affect the flux. A similar water flux improvement was reported for blend polyether sulfone flat sheet membranes when 5 wt.% of hydrophilic CA was added into the polymer dope [2] . As shown in Table 3 , the hydraulic resistance of the blend membrane was considerably smaller than the resistance of the plain membrane. This can be associated to the improved structure of the blend membrane. 
Oil-water Separation Performance of the Membranes
To evaluate the separation performance of the membranes, oil rejection test was conducted through the cross-flow membrane separation system. The separation test was performed at constant pressure of 400 kPa and flow rate of 200 ml/min. Figure 5 shows oil rejection of the membranes as a function of operating time.
As can be seen, the oil rejection for the both membranes increased as a function of time due to the formation of cake layer [23] . In fact, the produced cake layer acts as an extra filtration layer. After about 100 min of the operation, a stable oil rejection of over 98 % was observed for the blend PEI-CA hollow fiber membrane which 
Oil-water separation performance of the membranes
As can be seen, the oil rejection for the both membranes increased as a function of time due to the formation of cake layer [23] . In fact, the produced cake layer acts as an extra filtration layer. After about 100 min of the operation, a stable oil rejection of over 98 % was observed for the blend PEI-CA hollow fiber membrane which can be related to the small pore sizes. The plain PEI membrane presented an approximate rejection of 94 % after about 150 min of the operation which can be related to the larger pore sizes. Although, the oil droplets are larger than the mean pore size of the membranes, a small amount of the oil can be observed in the permeate side. This imperfect oil rejection could be related to the oil concentration at the outer surface of the membranes. It should be noted that concentration polarization can result in penetration of oil through the membrane pores at high operating pressure [24] . Although the oil droplets are larger than the mean pore size of the membranes, a small amount of the oil can be observed in the permeate side. This imperfect oil rejection could be related to the oil concentration at the outer surface of the membranes. It should be noted that concentration polarization can result in penetration of oil through the membrane pores at high operating pressure [24] . Figure 6 represents the water permeation flux of the membranes. The higher water flux of the blend PEI-CA membrane can be associated to the enhanced surface hydrophilicity and the open structure. In addition, the rate of reducing water flux for the blend membrane is moderately lower than the plain PEI membrane. The permeation flux of the plain PEI membrane reduced from 11.5 L/m 2 h to a stable value of about 8 L/m 2 h, after 150 min of the separation operation. In the meantime, permeation flux of the blend PEI-CA membrane reduced from 26.5 L/m 2 h to a stable value of 18 L/m 2 h, after 100 min of the operation. Therefore, it seems that the fouling rate of the blend membrane was smaller compared to the plain membrane. This can be a result of surface hydrophilicity improvement of the blend membrane.
In order to evaluate the stability of the membranes, the structure of the membranes used in the oil separation test for about 300 min was characterized and the results are given in Table 4 . N2 permeance and pure water flux of the used membrane were relatively reduced compared to the 9 stable value of 18 L/m 2 h, after 100 min of the operation. Therefore, it seems that the fouling rate of the blend membrane was smaller compared to the plain membrane. This can be a result of surface hydrophilicity improvement of the blend membrane.
In order to evaluate the stability of the membranes, the structure of the membranes effective oil separation technology, it is necessary to develop the membrane structure in terms of having small pore size, good surface porosity, high hydrophilicity and low hydraulic resistance. By achieving these parameters, an improved oil rejection and water permeation flux can be reachable.
Figure 6
Permeation flux of the hollow fiber membranes PEI PEI-CA to the pore blockage due to the fouling. However this effect is more serious for the plain PEI membrane. In addition, an increase in the water contact angle of the used membranes can confirm possible fouling of the membranes which affected the membranes surface structure.
Therefore, in order to achieve a cost-effective oil separation technology, it is necessary to develop the membrane structure in terms of having small pore size, good surface porosity, high hydrophilicity and low hydraulic resistance. By achieving these parameters, an improved oil rejection and water permeation flux can be reachable.
CONCLUSION
Hydrophilic CA was introduced into the PEI solution in order to enhance the membrane structure for oily wastewater treatment. FESEM, N2 permeation, water contact angle, water flux, and oil rejection tests were conducted to characterize the membranes structure. By addition of CA, the blend membrane presented larger finger-likes morphology with a thicker outer skin layer. From N2 permeation test, the blend PEI-CA membrane showed a lower surface porosity (697 m -1 ) and mean pore size of 4.5 nm. The higher water flux and lower hydraulic resistance of the blend PEI-CA membrane were related to the higher hydrophilicity and the open finger-like structure. Due to the improved structure of the blend PEI-CA membrane, a stable oil rejection of over 98% and the water flux of 18 L/m 2 h were achieved after 100 min of oil separation test. The prepared blend PEI-CA membrane with improved properties can potentially be used in treatment of oily wastewater for petrochemical and refinery industries
